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Abstract: The degradation of Sydney sandstone used to build the heritage St Mary's Cathedral in Sydney, 
Australia, has been investigated using environmental scanning electron microscopy combined with energy 
dispersive X-ray spectroscopy. This technique provided the structural details of the cementing clay and an 
elemental characterization the sandstone. The observed differences in the elemental composition of the 
unweathered and weathered sandstones were associated with changes to the clay microstructure upon weather-
ing. The results support the substitution theory that FeH replaces AP "'" in the kaolinite clay component upon 
weathering. An examination of the impurities present prior to a nonstructural iron removal treatment revealed 
the presence of minerals that may provide a source of the elements responsible for the substitution process. 
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INTRODUCTION 
Various 19th century heritage buildings located in Sydney, 
Australia, are built from locally quarried "yellow block" 
sandstone. Sydney yellow block sandstones typically contain 
60- 68<Yo sand bound together with a day-based matrix 
(16- 25%) and small quantities of iron-rich impurities (Mc-
Nally & Franklin, 2000). Oxidation of the iron-rich minerals 
in the stone produces an attractive golden color. As a result 
of exposure to environmental factors, a number of Sydney 
heritage buildings are showing evidence of deterioration. 
Although the sandstone does retain detailed carving and the 
integrity of the stone structure, the material becomes rela-
tively brittle and susceptible to damage. 
St Mary's Cathedral is a significant public building in 
central Sydney and was built in the mid-19th century of 
sandstone quarried in the Pyrmont area of the city (Fig. 1 ). 
Decayed sandstone from the Cathedral has been replaced by 
new Pyrmont sandstone as part of a restoration program by 
the Government Architect's Office of the New South Wales 
Department of Commerce in collaboration with Gosford 
Quarries Pty Ltd. To best manage the conservation of heri-
tage sandstone buildings, including St Mary's Cathedral, 
there is a need to fully understand the nature of the degra-
dation process observed. 
In this study, the clay component of sandstone re-
moved from St Mary's Cathedral has been examined using 
environmental scanning electron microscopy (ESEM) com-
bined with elemental analysis via energy dispersive X-ray 
spectroscopy (EDS). This study forms part of a series of 
investigations dealing with the different aspects of the weath-
ering process of Sydney sandstones (Friolo et al. , 2003, 
2004, 2005a, 2005b; Ip et al. , 2008a, 2008b ). The earlier 
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studies have involved the use of spectroscopic techniques 
and X-ray diffraction to examine the structural changes to 
weathered clay, and thermal analysis has revealed changes to 
the transitions associated with the clay. Such studies have 
been used to postulate a substitution model responsible for 
the observed physical changes observed upon weathering. 
However, as this model involves changes to the elemental 
composition of the clay, it was believed important to char-
acterize the changes to the elements present in the clay 
structure and EDS provides a suitable tool. 
MATERIALS AND METHODS 
Sandstone samples from St Mary's Cathedral were supplied 
by Gosford Quarries Pty Ltd, Australia. The samples ob-
tained were the more decayed yellow block sandstones that 
had been removed and replaced . The weathered surfaces 
were separated from the unweathered cores of the decayed 
stones by use of a diamond saw, and small amounts of 
water were employed as a coolant during cutting. Examples 
of freshly exposed unweathered Sydney sandstone and weath-
ered stone are illustrated in Figure 2. 
The day-based material was separated from the sand-
stone samples for SEM analysis. Both weathered and un-
weathered sandstones were manually crushed using a mortar 
and pestle and then mixed with distilled water (5 gL - 1) . An 
ultrasonic probe with frequency of 20 kHz and energy of 
20 W was used to dislodge the day-based material from the 
sand particles (Schmidt et al. , 1999; Roscoe et al. , 2000). The 
decanted clay materials were suspended in distilled water 
and particles ::S2 ,urn were collected using a gravity settling 
method according to Stokes' Law (Rutledge et al., 1967; 
Carroll, 1970). The clay collected by centrifugation was 
dried in a 50°C oven overnight and separated into two 
portions. One portion was stored in a desiccator until 
Figure 1. St Mary's Cathedral, Sydney. 
Figure 2. Unweathered (left) and weathered (right) Sydney 
sandstone. 
analysis, and the second portion was further treated with 
Na2S20 3 · SH20 and NaHC03 to remove nonstructural iron 
from the clay samples (Mehra & Jackson, 1960). 
A Philips XL30 ESEM, on which an energy dispersive 
X-ray spectrometer was mounted, was used for the analysis 
of the clay samples before and after the removal of nonstruc-
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Figure 3. Electron micrograph of unweathered clay after nonstruc-
tural iron removal (156 p,m width of field). 
tural iron from each sample. Separated clay samples were 
secured onto the sample holder using double-sided tape. An 
accelerating voltage of 15.0 kV was used in the microscopic 
analysis, and a backscattering detector was used to collect 
electronic images. Images were produced along the sides 
and the centers of each sample, and different magnifications 
from the same point of the samples were also recorded. 
REsuLTs 
The electron micrographs of both the weathered and un-
weathered cementing clays after nonstructural iron removal 
show that a large number of hexagonal platelets of various 
sizes are present. There is no dramatic difference in the 
appearance of the weathered and unweathered clay plate-
lets. However, for the unweathered samples, there appears to 
be more regular sized hexagonal platelets (Fig. 3), while the 
weathered samples generally show smaller and more irregu-
lar sized and shaped platelets with some areas of fused 
particles (Fig. 4). The EDS results for both the unweathered 
and weathered clays after nonstructural iron removal are 
shown in Figures 5 and 6, respectively. The unweathered 
clay contains significant amounts of Si, Al, 0, and some K 
(Fig. 5). Weathered specimens also show the presence of Si, 
Al, 0, and K, but also contain Ti and Cl (Fig. 6). 
Figure 4. Electron micrograph of weathered clay after nonstruc-
tural iron removal (156 f-1-m width of field). 
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Figure 5. EDS spectrum of unweathered clay after nonstructural 
iron removal. 
~r-------------- -----------------~ 
2000 PJ Si 
JOOO 0 
K 
Cl T1 Fe 
0 2 4 6 s 
Energy (ke\") 
Figure 6. EDS spectrum of weathered clay after nonstructural 
iron removaL 
To investigate the p otential sour ce of elements in the 
weathered specimens post-non structural iron treatment , 
ESEM was used to identify the p ossible presence of impuri-
ties in th e clays prior to treatment. It was found that there 
were small amoun ts of other minerals observed among the 
clay platelets, and these exhibited brighter images by com-
parison with the clay p articles due to their high er atomic 
numbers. High er magnification images of these m inerals 
were recorded, and the EDS results were obtained for a 
range of impurities. Although several types of miner al im-
purities were ob served in the unweathered clay, their pres-
ence was m inimal and they were generally small in size. The 
weathered clays appeared to contain a larger amount of 
impurities, and the particle size was .increased. Based on the 
EDS analyses, two common types of impurit ies were ob-
served in the unweathered clay. Both types contained 0, AI, 
Si, K, and Fe, but one type also contained Na and Mg while 
the other also contained S. For the impurities found in th e 
weathered clay, 0, AI, Si, K, and Fe were detected, and Ti was 
found in addition in certain imp urities. 
DISCUSSION 
ESEM-EDS provides detailed information about the weath-
ering of the cem enting clay in a Sydney sandstone. The clay 
samples were shown to contain loose or stacked hexagonal 
platelets with sizes in the 2- 5 J.l-m range. These are typically 
the shapes and sizes of kaolinite clay platelet s, where the 
preferred orientation of the basal plane (0 0 1) results in a 
stacking that forms b ook-like clay par ticles (Murray, 1995). 
Smaller clay platelets and platelets with irregular sh apes 
appear to h ave been formed in the weathered samples an d 
potentially indicate the destabilization of th e alum inosili-
cate crystal structure. The EDS result s show that the ele-
ments Fe, Ti, and Cl are included in the weathered clay. 
The appearance of Fe in the alu min osilicate clay struc-
ture of clay is believed to be the result of isom orphou s sub-
stitution (Malden & Meads, 1967; Farmer et al. , 1971; 
McBride et al., 1975; Rozenson & Heller-Kallai, 1977; Ko-
musinski et al., 198 1). Iron in its ferric form (Fe3+) can 
replace AJH in the octahedral sites of the aluminosilicate 
structure. Although the two ion s h ave equivalent charges, 
the ionic r adius of Fe3+ (128 pm ) is more than double of the 
ionic radius of AJH (SO pm). The stress introdu ced in the 
crystal lattice through substitution greatly decreases the crys-
tallinity of the kaolinite structure in th e cementing materials 
and may rupture the platelets. In addition, Fe3+/Al3+, to-
gether with K+, can also subst itute Si4+ in th e tetrah edral 
sites. Although the char ge b alance is accomm odated in this 
form of substitution, tlus phenomenon is less common d ue 
to the ext ra strain introduced into the crystal lattice (Meads 
& Malden , 1975; Hall, 1980; Petit & Decar reau, 1990). How-
ever, an increase in K concentration in the weathered clay 
suggests that this type of sub sti tution has occurred upon 
weathering. Substitutions of any kind are likely to destabilize 
or destroy the crystal structure of the clay, resulting in the 
breakdown of its aluminosilicate layers upon weath erin g. 
The ESEM-EDS results support the fin dings obtained from 
thermal analysis, X-ray diffraction, and spectroscopy, which 
also provided evidence of an isomorphous substitution of 
AJ3+ by Fe3+ (Priolo et al., 2003, 2005a; Ip et al., 2008a, 
2008b ). It has been reported in some studies that the in-
crease in total iron con tent in clay samples, particularly that 
of kaolinite, is associated with an exp onen tial decrease in 
crystallinity of the kaolinite crystal structure with increasing 
time (Hinckley, 1963; Mestdagh et al., 1980; Hassan & Salem, 
2002). This m ay indicate that a small amount of iron substi-
tuted into the crystal structure of the cem en ting clay could 
result in a sign ificant effect on the p roperties of the clay. 
An EDS exam inat ion of the impur ities presen t in the 
clays prior to the iron removal trea tment revealed that o ther 
minerals were present. Such m inerals provide a potential 
source of the elem ents appearin g in the weath ered clay 
structures. The intensities of Al, Si, and 0 in the EDS results 
suggest the presence of aluminosilicate minerals. In addi-
tion, other elements such as Mg an d Na indicate a mixture 
of several m inerals or salts. The ESEM-EDS results of an-
other mineral type observed in the unweathered cementing 
clay give a good indication that the observed m ineral is 
pyrite (FeS2) or jarosit e (FeS0 4 • 2H 20 ) du e to the presence 
of Fe and S (Bell et al., 1996). There is a significant accumu-
lation of Fe rich impurities and Ti compounds observed in 
the weathered samples. Many of the impurities in t he ce-
m entin g clay sam ples are believed to originate from the 
sandstone or are the products of the weathering process. 
Iron and titanium impurities are often found in clay as 
hematite, siderite, pyrite, anatase, and rutile (Weaver, 1968; 
Maynard et al., 1969; Asmatulu, 2002). Other sources o f 
iron m ay include building materials contain ing iron, steel 
roofing, water piping, and win dow or door frames. Given 
the proximity of the cathedral to the ocean, the Cl observed 
may be der ive from the increased salt in t he environm ent. 
CoNCLUSIONS 
ESEM-EDS provides structural details of t he cementing clay 
in a Sydney h eritage sandstone. Hexagonal clay platelets 
were observed and mineral impurities were present, partic-
ularly in the weathered clay samples. The elemental com po-
sition of unweathered and weathered clays from the 
sandstone indicates structural changes. Isomorphous substi-
t ution within the alu minosilicate structure, where Fe3+ re-
places Al3+, was indicated by ESEM-EDS. Other cationic 
substitution , such as Fe3+ or AlJ+ together with K+ substi-
t uting for Si 4+ in the tetrahedral sites, may also occur. 
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